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RNA unwinding in U4/U6 snRNPs requires ATP hydrolysis and
the DEIH-box splicing factor Brr2
Pratima L. Raghunathan and Christine Guthrie
Background: The dynamic rearrangements of RNA structure which occur
during pre-mRNA splicing are thought to be mediated by members of the
DExD/H-box family of RNA-dependent ATPases. Although three DExD/H-box
splicing factors have recently been shown to unwind synthetic RNA duplexes in
purified systems, in no case has the natural biological substrate been identified.
A duplex RNA target of particular interest is the extensive base-pairing
interaction between U4 and U6 small nuclear RNAs. Because these helices
must be disrupted to activate the spliceosome for catalysis, this rearrangement
is believed to be tightly regulated in vivo.
Results: We have immunopurified Brr2, a DEIH-box ATPase, in a native
complex containing U1, U2, U5 and duplex U4/U6 small nuclear
ribonucleoprotein particles (snRNPs). Addition of hydrolyzable ATP to this
complex results in the disruption of U4/U6 base-pairing, and the release of free
U4 and U6 snRNPs. A mutation in the helicase-like domain of Brr2 (brr2-1)
prevents these RNA rearrangements. Notably, U4/U6 dissociation and release
occur in the absence of exogenously added pre-mRNA.
Conclusions: Disruption of U4/U6 base-pairing in native snRNPs requires ATP
hydrolysis and Brr2. This is the first assignment of a DExD/H-box splicing factor
to a specific biological unwinding event. The unwinding function of Brr2 can be
antagonized by the annealing activity of Prp24. We propose the existence of a
dynamic cycle, uncoupled from splicing, that interconverts free and base-paired
U4/U6 snRNPs.
Background
Introns are removed from pre-mRNAs by spliceosomes,
large ribonucleoprotein complexes consisting of five small
nuclear ribonucleoprotein particles (snRNPs; U1, U2, U4,
U5 and U6) and a large cast of proteins that coalesce on pre-
mRNA [1–3]. The spliceosome executes the two chemical
steps of the splicing reaction using active sites which
consist, at least in part, of intricately structured RNAs [4,5].
The progress of spliceosome assembly is marked by the
sequential formation and dissolution of RNA duplexes [6,7].
Base pairs form first between U1 snRNP and the 5′ splice
site, and then between U2 snRNP and the intron branch-
point sequence. Next, U5 snRNP and the duplex U4/U6
snRNP join the spliceosome together in a single U4/U6.U5
triple snRNP particle. Within the U4/U6 snRNP, U4 and
U6 small nuclear RNAs (snRNAs) engage in extensive
intermolecular base-pairing; in yeast, the remarkably stable
U4/U6 snRNA duplex melts in vitro at 55°C [8]. Shortly
after U4/U6.U5 joins the pre-mRNA, a major rearrangement
occurs: U4 is destabilized from the spliceosome, and critical
residues of U6 snRNA are juxtaposed with the 5′ splice site
and with U2 snRNA. These newly created U2/U6 and U6/5′
splice site helices are thought to contribute to the first-step
chemical reaction center of the spliceosome [5,6].
Construction of this catalytic core demands the precise
positioning of RNA helices in time and space. A key unan-
swered question is how the spliceosome coordinates these
RNA rearrangements. For example, because U4/U6 base-
pairing and the U2/U6 interaction are mutually exclusive,
disruption of the U4/U6 duplex is believed to activate the
spliceosome for catalysis [9]. This transition has been pre-
dicted to be tightly regulated [9] but the mechanism
remains unknown. Destabilization of U4 from the spliceo-
some requires ATP in vitro, suggesting that unwinding
and/or displacement are active processes [10,11]. Never-
theless, the only two factors functionally implicated in this
event — Prp19 and the U4 snRNP protein Prp4 — do not
contain ATPase motifs [12,13].
Seven yeast splicing factors exhibit homology to DNA and
RNA helicases of Superfamily II, and are therefore attrac-
tive candidates for governing helical exchanges on the
spliceosome [14]. These proteins belong to the DExD/H-
box family of RNA-dependent ATPases [14]. Six
DExD/H-box splicing factors — Prp5, Brr2, Prp2, Prp16,
Prp22 and Prp43 — are known to be required at distinct
steps in the splicing pathway, and five — Prp5, Prp2,
Prp16, Prp22 and Brr2 — have been shown to possess
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RNA-dependent ATPase activity [15–21]. Recently,
Prp16, Prp22 and U5 200K (the mammalian homolog of
Brr2) have been shown to unwind synthetic RNA helices
in purified systems; in fact, all three of these proteins can
disrupt in vitro synthesized U4/U6 duplexes [22–25].
These enzymes display no apparent sequence specificity
in the in vitro reactions, however, and have not been
linked to defined RNA-unwinding events on the spliceo-
some. Thus, it remains to be determined whether these
DExH/D-box factors unwind specific RNA or RNP sub-
strates in the splicing pathway.
This work focuses on the RNA rearrangements governed
by the yeast DEIH-box protein Brr2 [26] (also known as
Snu246 [27], Slt22 [20] and Rss1 [28]). The yeast mutant
brr2-1 was identified by virtue of its cold-sensitive pre-
mRNA splicing defect in vivo [26]. Independent analyses
revealed that Brr2 is likely to be an RNA-dependent
ATPase [20] within the U4/U6.U5 snRNP [27]. These
observations prompted the hypothesis that Brr2 might
disrupt U4/U6 base-pairing on the spliceosome [26,27].
In support of this idea, Laggerbauer et al. [25] have
shown that the human homolog of Brr2 can unwind yeast
U4/U6 duplexes that have been prepared by annealing
purified in vitro transcribed RNAs. Here, we use the
cold-sensitive mutant brr2-1 to test the hypothesis that
Brr2 is required to disrupt base-pairing in native U4/U6
snRNPs. The brr2-1 mutation was mapped to a con-
served motif in the helicase-like DEIH-box domain. We
have immunopurified both Brr2 and Brr2-1 in large com-
plexes containing U1, U2, U5 and duplex U4/U6
snRNPs. When the purified Brr2 complex was incubated
with hydrolyzable ATP, U4/U6 base-pairing was dis-
rupted, and free U4 and free U6 snRNPs were released.
In contrast, snRNP complexes that harbor Brr2-1 failed
to undergo these ATP-dependent RNA rearrangements.
We conclude that disruption of native U4/U6 snRNPs
requires ATP hydrolysis and Brr2 function. Interestingly,
dissociation of U4/U6 snRNPs occurred in the absence of
added pre-mRNA, indicating that U4/U6 unwinding is
not restricted to the spliceosome. In conjunction with
previous results [29], these data support the existence of
a dynamic cycle that regulates U4/U6 base-pairing, inde-
pendent of splicing.
Results
Cold-sensitivity of brr2-1 is conferred by a mutation in the
first helicase-like domain
The Brr2 protein, like its human homolog, U5 200K [27],
is unique among the DExD/H-box splicing factors
because it has two predicted ATPase domains
(Figure 1). To determine whether the cold-sensitive
brr2-1 lesion resided in these regions, we transferred the
chromosomal brr2-1 allele by gap repair [30] to a plasmid
bearing the wild-type BRR2 gene. A single mutation
within the first DExH-box domain was sufficient to
confer cold-sensitivity when substituted into the wild-
type gene (data not shown). The brr2-1 mutation,
A2417→G, converts a glutamic acid to a glycine at
amino-acid residue 610, which lies within a putative
helicase-like motif that is absolutely conserved between
the yeast and human homologs (Figure 1). Other
DExD/H-box proteins with mutations in the motifs
depicted in Figure 1 display impaired ATPase and/or
unwindase activities [31] and splicing deficits [32]. We
therefore tested the prediction that the mutant Brr2-1
protein would prevent U4/U6 disruption.
ATP-dependent displacement of free U4 snRNP is blocked
in brr2-1 extracts
We first sought to implicate Brr2 in snRNP rearrange-
ments using ammonium sulfate precipitates of whole-cell
extracts known as fraction I. Unlike the situation in whole
extracts, U4/U6.U5 snRNPs in fraction I have been
observed to dissociate into individual snRNPs in the
presence of ATP [10]. Dissociation of U4/U6.U5 appears
to be mechanistically similar to the disruption of U4/U6
on the spliceosome, as both are ATP-dependent
processes that appear to separate the U4/U6 helices. We
reasoned that if U4/U6 helix displacement requires Brr2
function, then triple snRNP dissociation should be
blocked in fraction I from brr2-1 cells. Addition of ATP to
wild-type fraction I caused the appearance of a free U4
snRNP species (Figure 2a, lanes 1,2). ATPγS could not
substitute for ATP (Figure 2a, lane 3), suggesting that
ATP hydrolysis is required for U4 release. In contrast,
U4/U6.U5 snRNPs from brr2-1 fraction I did not separate
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Figure 1
The Brr2-1 mutation lies in a highly conserved motif in the first helicase-
like domain of Brr2 protein. (a) Schematic representation of the Brr2
protein, which contains two DExH-box ATPase domains. The position
of the E610→G mutation (in the single-letter amino-acid code) in Brr2-1
is indicated. (b) The alignment shows eight signature motifs from each
of the two DExH-box domains of Saccharomyces cerevisiae Brr2 and
the human U5 200K homolog [27], compared with the consensus
sequences of the DExH, DEAH and DEAD-box families [27,57].
Dashes denote non-conserved residues in the consensus sequences.
The second helicase-like domain of Brr2 diverges more from the DExH-
box consensus sequence than the first [27]. The brr2-1 allele contains
an A to G transition at nucleotide 2417, which converts the glutamic
acid at residue 610 in DExH-box domain I to a glycine (E610→G).
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into free snRNPs in the presence of ATP (Figure 2a,
lanes 4,5). Therefore, snRNPs from brr2-1 cells fail to
undergo the ATP-dependent conformational rearrange-
ment that is normally detected in wild-type snRNPs.
We next examined whether similar abnormalities could
be detected in brr2-1 whole-cell extracts. When an
extract derived from wild-type cells was visualized on a
native gel, U4/U6.U5 and free U6 snRNPs were found to
be abundant (Figure 2b, lanes 1,5,9). Diffusely migrating
U4/U6 snRNPs were more apparent when ATP was
added, because ATP stimulates U4/U6.U5 disintegration
and Prp24-dependent snRNP recycling (Figure 2b,
lanes 2,6; [29]). In the extract derived from brr2-1 cells,
by contrast, no U4/U6 snRNPs were observed in the
presence of ATP, and the overall level of U4/U6.U5
snRNPs was very low (Figure 2b, lanes 3,4,7,8,11,12).
Free U5 and free U2 snRNPs were also diminished in
the mutant extract compared with the wild-type extract
(Figure 2b, compare lanes 9,10 with 11,12; 13,14 with
15,16; thin bars). These deficits appear to be significant,
because comparable amounts of free U6 snRNP were
detected in wild-type and mutant extracts (equivalent
amounts of protein were loaded). Also, a very slow-
migrating species that hybridized to U4, U6, U5 and U2
was noticeable in mutant extracts, but not in wild-type
extracts (Figure 2b, lanes 3,4,7,8,11,12,15,16; thick bars).
In summary, the brr2-1 extract has an aberrant snRNP
distribution, with few U4/U6.U5 snRNPs and no U4/U6
snRNPs. As with the snRNPs in brr2-1 fraction I,
snRNPs in brr2-1 whole-cell extract are minimally
changed by the addition of ATP.
Brr2 and Brr2-1 associate with snRNP complexes
containing U1, U2, U4, U5 and U6 snRNAs
Although Brr2 is part of U4/U6.U5 snRNPs [27], the
mutant Brr2-1 protein might fail to associate with triple
snRNPs, and thus prevent U4 displacement indirectly. To
test this possibility, we generated yeast strains that
expressed Brr2 and Brr2-1 as fusion proteins with the
polyoma epitope tag (Pya) [33]. The gene fusions
BRR2–Pya and brr2-1–Pya behaved identically to BRR2
and brr2-1 in complementing the BRR2::LEU2 gene dis-
ruption (data not shown). Wild-type and mutant Pya-
tagged proteins were immunoprecipitated from whole-cell
extracts at different salt concentrations, and the bound
snRNAs were monitored by northern analysis. Brr2–Pya
associated with U2, U4, U5 and U6 snRNAs at NaCl con-
centrations between 50 mM and 250 mM; U1 snRNA also
precipitated at 50 mM NaCl (Figure 3, lanes 5–8). Impor-
tantly, the same spectrum of snRNAs co-precipitated with
Pya-tagged Brr2-1 at NaCl concentrations between
50 mM and 350 mM (Figure 3, lanes 10–13). These inter-
actions are specific, because no snRNAs were precipitated
from extracts derived from cells expressing untagged
protein (Figure 3, lanes 1–3), or tagged protein when anti-
body was omitted (Figure 3, lanes 4,9), or when competi-
tor peptide expressing the polyoma epitope was added
(Figure 3, lanes 14,15).
Thus, Brr2-1, like Brr2, efficiently associates with U2, U4,
U5 and U6 snRNAs in a salt-resistant manner. Our results
are in general agreement with Lauber et al. [27], who
report that Brr2 is a component of the U4/U6.U5 snRNP.
Moreover, the reproducible association of Brr2 with U2
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Figure 2
The snRNP populations and ATP-dependent
dynamics are abnormal in extracts from brr2-1
cells. (a) ATP-dependent displacement of U4
is blocked in the snRNP-rich fraction I from
brr2-1 cells. Fraction I prepared from wild-
type BRR2 (lanes 1–3) or mutant brr2-1 cells
(lanes 4–6) was incubated in the presence or
absence of ATP or ATPγS. The snRNPs were
resolved on a native gel and subjected to
northern analysis with a U4 snRNA probe.
Sequential stripping and reprobing confirmed
the identity of U4/U6.U5 (data not shown);
the mobility of this complex appears to
change when ATP is present — see also (b).
ATP hydrolysis is necessary for the generation
of free U4 in BRR2 fraction I (compare lanes
2 and 3), but no free U4 is produced in brr2-1
fraction I (lane 5). (b) The brr2-1 extract
contains an aberrant snRNP distribution.
Whole-cell extract from wild-type BRR2 or
mutant brr2-1 cells was incubated with or
without ATP, electrophoresed on a native gel
to resolve snRNPs, and subjected to northern
analysis with the indicated snRNA probes.
Free snRNP species are indicated with thin
bars to the left of each panel; the
U2⋅U4/U6.U5 multi-snRNP species is
indicated with a thick bar to the right of each
panel. The U4/U6.U5, U4/U6 and U5 snRNPs
are less abundant in the brr2-1 extract.
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and U1 snRNAs is consistent with evidence of yeast two-
hybrid interactions [34] between Brr2 and Cus1, a likely
component of the yeast U2 snRNP [35], and between Brr2
and the U1 70 kDa snRNP protein Snp1 [34].
To determine whether Brr2 and the snRNPs are present
in a single large complex, we sedimented wild-type and
mutant extracts on 15–40% glycerol gradients, and per-
formed immunoprecipitations from alternate fractions.
Brr2, like Brr2-1, co-immunoprecipitated all five snRNAs
from the same peak on the gradient (data not shown).
Thus, both Brr2 and Brr2-1 associate with large snRNP
complexes in whole-cell extract in the absence of exoge-
nously added pre-mRNA.
Brr2 and ATP are required to disrupt U4/U6 base-pairing 
We next tested whether these Brr2-bound snRNP com-
plexes undergo rearrangements in the presence of ATP.
We developed an assay to monitor U4/U6 disruption in
snRNP complexes that were specifically associated with
Brr2 or Brr2-1. Brr2–Pya and Brr2-1–Pya snRNP complexes
from whole-cell extracts were immunopurified on beads,
washed extensively, and incubated in the presence of
buffer with or without ATP. These supernatants were sep-
arated from the beads, and RNAs were extracted. The
snRNAs in each sample were analyzed on a denaturing gel
by northern blotting. When isolated Brr2 snRNP com-
plexes were exposed to ATP, U4 and U6 snRNAs were
physically released into the supernatant (Figure 4a,
compare lanes 5,6 and 7,8). Most of the associated U2 and
U5 snRNAs appeared to remain with Brr2 on the beads.
The non-hydrolyzable ATP analogs ATPγS and AMP-PNP
did not support this discharge of U4 and U6, suggesting
that restructuring of the Brr2 particle requires ATP hydrol-
ysis by an intrinsic component (data not shown). In con-
trast, complexes containing Brr2-1 failed to undergo this
ATP-dependent snRNP rearrangement: in the presence of
ATP, all snRNAs remained associated with Brr2-1–Pya on
the beads (Figure 4a, lanes 11–14). Thus, ATP causes U4
and U6 (and a small fraction of U2) to separate from the
Brr2-associated snRNP complex. Moreover, the displace-
ment of U4 and U6 snRNAs from this snRNP complex
requires ATP hydrolysis and wild-type Brr2.
An important question is whether ATP disrupts U4/U6
base-pairing in these Brr2 and Brr2-1 complexes. The
deproteinized RNA samples from the previous experi-
ment were subjected to non-denaturing gel electrophore-
sis to resolve duplex U4/U6 RNA from the free species
[36]. In the absence of ATP, mostly duplex U4/U6 was
found to have associated with Brr2–Pya on the beads
(Figure 4b, lane 3). However, ATP addition resulted in
the disruption of these U4/U6 helices, and substantial
amounts of unpaired U4 and U6 RNAs were released into
the supernatant (Figure 4b, lanes 5,6). Notably, the
U4/U6 duplex remained intact within the Brr2-1 complex
in the presence of ATP (Figure 4b, lanes 9–12). This is
direct evidence that ATP alters base-pairing status in
native U4/U6 snRNPs. Furthermore, these results
demonstrate conclusively that disruption of RNA base-
pairing in duplex U4/U6 snRNPs requires ATP and wild-
type Brr2 function.
Discussion
Disruption of U4/U6 base-pairing in native snRNPs
requires ATP and Brr2
From our current knowledge of the mechanism of pre-
mRNA splicing, numerous RNA duplexes must be
rearranged (that is, unwound and subsequently rean-
nealed) during each spliceosome cycle in vivo [7]. The
fundamental problem is to understand how these RNA
transactions are effected and regulated. A long-standing
hypothesis has been that the DExD/H-box factors
promote RNA unwinding in vivo. Yet it has not been possi-
ble to engineer an assay to capture a specific RNA-depen-
dent ATPase in the act of unwinding a defined
spliceosomal substrate. Consequently, available information
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Figure 3
Brr2 and Brr2-1 co-immunoprecipitate U2, U4, U5 and U6 snRNAs in
a salt-resistant manner. Extracts from cells expressing BRR2, or the
gene fusions BRR2–Pya or brr2-1–Pya, were incubated with protein
G–Sepharose beads coupled to anti-polyoma antibodies (lanes
1–3,5–8,10–15), or to protein G–Sepharose alone (lanes 4,9) in the
presence of the indicated concentration of salt. After washing, the
bound RNAs were isolated, resolved on a denaturing gel, and
subjected to northern analysis for U1, U2, U4, U5 and U6 snRNAs; U5
snRNA exists in two different forms, U5 long (U5L) and U5 short
(U5S). Peptide encoding the polyoma epitope competed for
immunoprecipitation of all snRNAs, demonstrating specificity (lanes
14,15). Lanes 16 and 17 contain deproteinized extract equivalent to
one-tenth of each immunoprecipitation sample in lanes 4–8 (WT) and
lanes 9–13 (brr2). Compared with wild-type cells (lane 16), brr2-1
cells appear to have lower levels of all snRNAs (lane 17). As a
percentage of wild-type snRNA levels, brr2-1 contains 45% U2, 78%
U1, 86% U5S, 64% U5L, 45% U4 and 67% U6.
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is limited to the study of DExD/H-box proteins with syn-
thetic RNA duplexes. Many DExD/H-box proteins with
no known roles in splicing can dissociate synthetic RNA
duplexes in vitro; these include eIF-4A [37], RNA helicase
A [38], and vaccinia virus RNA helicase [39]. Only very
recently have any DExH-box splicing factors been
reported to have strand-displacement activity [22–25]. In
these non-physiological enzymatic assays, diverse
DExD/H-box proteins share common characteristics: they
unwind artificial substrates with no apparent sequence
specificity, and they dissociate naked RNA duplexes rather
than RNA–protein complexes. Indeed, the synthetic
U4/U6 duplex prepared from in vitro transcribed RNAs can
be unwound by three different DExH-box splicing factors,
including the human homolog of Brr2 [22,23,25]. Thus,
two important questions remain unanswered: do the
observed in vitro unwinding activities accurately reflect the
physiological functions of these proteins and, if so, what
are the identities of the specific RNA targets for these
enzymes in vivo?
Our strategy has been to devise functional assays to charac-
terize the disruption of a natural helical substrate, the
duplex U4/U6 snRNP (Figures 2a and 4a,b). We have pro-
vided direct evidence that ATP influences the base-pairing
status of authentic U4/U6 snRNPs (Figure 4b). Further-
more, a mutation in a conserved helicase motif of Brr2
(Figure 1) was found to prevent the ATP-dependent disso-
ciation of the U4/U6 helices (Figure 4a,b). Therefore, we
conclude that functional Brr2 is required to disrupt native
U4/U6 snRNPs. Although we cannot exclude the formal
possibility that Brr2 is an upstream regulator of an inter-
vening ATPase, our findings are complemented by those
of Laggerbauer et al. [25], who demonstrated that the
human homolog of Brr2 directly unwinds synthetic U4/U6
RNA duplexes in a purified system. The significance of
our results is different, because we have linked a naturally
occurring RNA-unwinding event to a specific DExD/H-
box protein.
As discussed by Laggerbauer et al. [25], an interesting and
important question is whether U5 200K dissociates U4/U6
on the spliceosome. We attempted to test this hypothesis
for Brr2, reasoning that in vitro splicing in the brr2-1
extract should be inhibited before the first chemical step
because of a defect in U4 release. In fact, the brr2-1
extract did not support in vitro splicing (data not shown),
though for an unexpected reason. In the mutant extract,
we observed low levels of U4/U6.U5 snRNPs (Figure 2b)
and inefficient assembly of U4, U6 and U5 snRNAs onto
pre-mRNA (data not shown). We believe that the brr2-1
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Figure 4
Brr2 and ATP are required to disrupt the U4/U6 snRNA helices and
release the free snRNAs. (a) The Brr2 snRNP complex physically
releases U4 and U6 snRNAs in response to ATP, but the Brr2-1
snRNP complex does not. The snRNP complexes associated with
Brr2–Pya (lanes 3–8) and Brr2-1–Pya (lanes 9–14) were bound to
anti-polyoma antibodies coupled to protein G–Sepharose. After
extensive washing, the matrices were incubated with splicing buffer in
the absence of ATP or containing 2 mM ATP. The beads (B) were then
separated from the supernatants (S), and the RNAs were isolated.
Northern analysis to detect the snRNAs was performed as described
for Figure 3. As specificity controls, immunoprecipitations were
performed using extracts derived from cells expressing BRR2 (lanes
1,2) or the tagged versions of BRR2 or brr2-1 in the presence of
protein G–Sepharose alone (lanes 3,4,9,10). Lanes 15 and 16 contain
deproteinized extract equivalent to one-fortieth of each
immunoprecipitation sample in lanes 3–8 (BRR2) and lanes 9–14
(brr2-1). The Brr2 snRNP complex contains 1%, 0.3%, 12%, 15%,
25% and 7% of total cellular U2, U1, U5L, U5S, U4 and U6 snRNAs,
respectively. Thus Brr2 associates with much more of the cellular U4
and U6, compared with the small fraction of cellular U2. The Brr2-1
snRNP complex contains 4%, 1%, 19%, 24%, 24% and 3% of total
cellular U2, U1, U5L, U5S, U4 and U6 snRNAs, respectively. (b) The
U4/U6 snRNA duplex is disrupted in the presence of ATP in the Brr2
snRNP complex, but not in the Brr2-1 snRNP complex. RNA samples
from (a) were hybridized in solution to labeled oligos specific for U4
(upper panel) or U6 (lower panel) snRNAs, and electrophoresed on
non-denaturing gels to distinguish slow-migrating U4/U6 duplex from
the free snRNAs [36]. Lanes 13 and 14 contain deproteinized extract
equivalent to one-eightieth of each immunoprecipitation sample in lanes
1–6 (BRR2) and lanes 7–12 (brr2-1). In the Brr2 complexes exposed
to ATP, the U4/U6 helices are separated, and free U4 and free U6
snRNA are released into the supernatant (lanes 5,6). The Brr2-1
complexes fail to disrupt U4/U6 in response to ATP (lanes 11,12).
extract contains insufficient U4/U6.U5 snRNPs that are
competent for spliceosome assembly. This apparent
upstream requirement for Brr2 in U4/U6.U5 loading does
not rule out a subsequent role in U4/U6 dissociation.
Given that Brr2 is required to disrupt U4/U6 base-pairing
in snRNPs, Brr2 is likely to perform an analogous function
on spliceosomes. Definitive proof of this hypothesis is still
needed, however.
Brr2 and Brr2-1 associate with large multi-snRNP
complexes in the absence of exogenous RNA
Unexpectedly, we found that Brr2 and Brr2-1 exist in large,
salt-stable snRNP complexes in the absence of added pre-
mRNA (Figures 2b and 3 and data not shown). Several
reports have previously described co-immunoprecipitation
of U2, U4, U5 and U6 snRNAs with antibodies to individ-
ual snRNP proteins, but these interactions have been inter-
preted as ‘background’ or ‘non-specific’ binding because of
the low to moderate salt concentrations employed [40–44].
We observed, however, that these snRNPs co-sediment in
large complexes on glycerol gradients in association with
Brr2 and Brr2-1 (data not shown). Moreover, we have
detected slowly migrating complexes in the brr2-1 extract
that are stable to electrophoresis on native snRNP gels
(Figure 2b). One hypothesis that can account for these
observations is that the Brr2-1 complexes represent endoge-
nous spliceosomes that have been stalled by the failure to
disrupt U4/U6. The accumulation of these dead-end com-
plexes would thus prevent recycling and regeneration of
U4/U6.U5 snRNPs in the brr2-1 extract, and consequently
inhibit de novo splicing (Figure 2b and data not shown).
A different hypothesis is necessary to explain the behavior
of the wild-type Brr2 snRNP complex, which is unantici-
pated from two standpoints. First, U4 destabilization has
been predicted to be strictly regulated in the splicing
pathway [9], yet U4/U6 dissociation within the Brr2
snRNP complex does not require the addition of pre-
mRNA. Second, ATP induces free U4 and free U6 to sep-
arate from each other as well as from Brr2, U5 and U2
snRNPs (Figure 4a). In contrast, the spliceosome does not
liberate U6 snRNP along with U4. These observations
suggest that ATP hydrolysis by Brr2 governs dissociation
of the U2⋅U4/U6.U5 snRNP complex in a manner that is
not necessarily coupled to splicing.
Prp24 antagonizes Brr2 in an apparent snRNP cycle
We have recently exploited the discovery of these Brr2-
mediated snRNP rearrangements to advance understanding
of Prp24, an RNA-binding protein and spliceosomal recy-
cling factor [29]. Prp24 has been proposed to anneal U4 and
U6 snRNPs in vivo [45], but an explicit test of this hypothe-
sis has been hampered by the inability to isolate the tran-
sient free U4 snRNP. By adding ATP to the immobilized
Brr2 complex, we were able to purify free U4 and U6
snRNPs away from other species. We have now demon-
strated that these unpaired U4 and U6 snRNPs can be
rapidly reannealed by Prp24 [29]. Interestingly, the anneal-
ing activity of Prp24 is markedly more efficient with the
Brr2-generated RNP substrates than with deproteinized U4
and U6 snRNAs [29]. Thus, Prp24 and Brr2 appear to be
antagonistic regulators of U4/U6 base-pairing: Brr2 directs
ATP-dependent dissociation of U4/U6 snRNPs, whereas
Prp24 restores the disrupted duplex. Notably, both of these
events occur in the absence of added pre-mRNA, indicating
that ATP-driven rearrangements of U4/U6 snRNPs can
occur independently of pre-mRNA splicing. Taken
together, these results support the existence of a dynamic
snRNP cycle in which Brr2 and Prp24 antagonistically
control U4/U6 base-pairing in vivo (Figure 5). The follow-
ing snRNP rearrangements are proposed to be uncoupled
from splicing. Brr2 hydrolyzes ATP in the multi-snRNP
complex, triggering the disruption of the U4/U6 helices and
the displacement of free U4 and U6 snRNPs from the
U2⋅U5⋅Brr2 complex. Next, Prp24 reanneals the unpaired
U4 and U6 snRNPs, reversing the unwinding mediated by
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Figure 5
Antagonistic regulation of U4/U6 base-pairing by the DEIH-box
ATPase Brr2 and the RNA-annealing protein Prp24. Brr2 is a
component of a multi-snRNP complex (U2⋅U4/U6.U5⋅Brr2). ATP
hydrolysis by Brr2 triggers the disruption of the U4/U6 helices and the
displacement of free U4 and U6 snRNPs from the U2⋅U5⋅Brr2
complex. The unpaired U4 and U6 snRNPs are reannealed by Prp24,
reversing the unwinding mediated by Brr2. The reformed U4/U6
snRNP may then be reincorporated into higher-order snRNP
complexes. This dynamic snRNP cycle is proposed to be independent
of pre-mRNA splicing.
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Brr2. The reformed U4/U6 snRNP may then be reincorpo-
rated into higher-order snRNP complexes (that is,
U4/U6.U5 and U2⋅U4/U6.U5).
What might be the biological function of this putative
snRNP cycle? Conceivably, the dynamic interconversion
between duplex and free snRNPs affords the opportunity
for rapid regulation of spliceosome assembly. The cellular
splicing machinery may be finely attuned to the availability
of splicing-competent snRNPs containing duplex U4/U6.
Such a mechanism may operate in HeLa cells during heat
shock, when inactivation of a U4/U6.U5 snRNP assembly
factor results in inhibition of pre-mRNA splicing [46].
Alternatively, these snRNP dynamics might mimic spliceo-
somal events. For example, ATP-dependent U4/U6 disso-
ciation might provide a proofreading step to ensure proper
U4/U6.U5 positioning on the spliceosome. In this scenario,
constitutive U4/U6 disruption by Brr2 might reflect a non-
productive discard pathway that improves the accuracy of
concurrent helical exchanges (for example, the formation of
U2/U6 and U6/5′ splice site helices) [7]. Another DExD/H-
box splicing factor with RNA unwinding activity [22],
Prp16, has been proposed to govern fidelity of branchpoint
recognition through a similar scheme [47].
Conclusions
RNA-dependent ATPases of the DExD/H-box family
have long been hypothesized to promote RNA unwinding
in vivo. Despite evidence that many DExD/H-box pro-
teins can carry out strand displacement reactions on syn-
thetic RNA duplexes in vitro, in no case has a biological
substrate been identified. Using the cold-sensitive allele
brr2-1, which carries a mutation in the first of two DExH-
box domains, we have shown that Brr2 function is
required for the ATP-dependent disruption of U4/U6
duplex in native snRNPs. Because the observed U4/U6
unwinding does not appear to be coupled to splicing, we
propose that U4/U6 base-pairing may be regulated outside
the context of the spliceosome. Brr2 appears to govern
U4/U6 disruption, whereas Prp24 restores the duplex
U4/U6 snRNP. These findings provide evidence that the
antagonistic actions of a DEIH-box ATPase and an RNA-
annealing protein control the interconversion between
free and base-paired U4/U6 snRNPs.
Materials and methods
Yeast methods and strains
Yeast genetic manipulations were performed using standard methods
[48]. The four yeast strains employed in this work were created by
plasmid shuffling in PRY118 (MAT a brr2::LEU2 ade2 lys2 his3 ura3
leu2 pSE360-BRR2). PRY118 was a haploid segregant of the het-
erozygous BRR2/brr2::LEU2 diploid strain YSN404 transformed with
pSN108 [26]. Therefore, these strains differ only in their plasmid-borne
BRR2 genes (Table 1).
Plasmid construction
Standard molecular biological techniques were used [49] in the HIS3
CEN ARS vector pSE362 (= pUN90; [50]) or in pBluescript KS–
(Stratagene). The 7 kb SacI BRR2 and brr2-1 fragments were inserted
into pSE362 to create pPR130 and pPR133, respectively. To place the
polyoma epitope tag at the carboxyl terminus of each of these genes,
we used the Bluescript subclone pSN125, which contains an 860 bp
SalI fragment encompassing the final 653 bp of BRR2 (S.M. Noble and
C.G., unpublished). A NotI site was introduced by PCR immediately
upstream of the stop codon to generate pPR149; the amplified BRR2
sequence was confirmed by sequencing. Annealed, kinased oligos
encoding the polyoma epitope were inserted into the NotI site 
(5′-GGCCGCATGGAATATATGCCAATGGAAATGGAATATATGC-
CAATGGAAGGC-3′; 5′-GGCCGCCTTCCATTGGCATATATTCCA-
TTTCCATTGGCATATATTCCATGC-3′). The resulting SalI fragment
with a BRR2–Pya carboxy-terminal fusion was swapped into pPR130
and pPR133 to create plasmids pPR150 and pPR151, respectively.
Identification of the brr2-1 mutation
The brr2-1 allele was recovered by gap repair onto plasmid pSN123,
which contains the BRR2 gene on the 2µ URA3 vector pRS426 (S.M.
Noble and C.G., unpublished; [51]). Briefly, this plasmid was linearized
with BglII (which excises a 2.5 kb fragment spanning the first putative
helicase domain of BRR2) and transformed into the brr2-1 strain
YSN405 [26]. Plasmids were rescued from Ura+, cold-sensitive trans-
formants. One plasmid (pPR137) did not complement the cold-sensi-
tive brr2-1 lesion when transformed into YSN405; this plasmid was
used to create pPR133. The 2.5 kb BglII fragment from pPR137 was
subcloned into pBluescript KS+ (Stratagene) for sequencing. Within
this construct, the 447 bp ApaLI–StuI fragment was fully sequenced
on both strands, and only the A2417→G mutation was discovered.
This fragment was replaced into pPR130, and found to confer cold-
sensitivity after plasmid shuffling in PRY118.
Extract preparation
Yeast whole-cell extracts were prepared from PRY122 (untagged BRR2),
PRY123 (untagged brr2-1), PRY132 (BRR2–Pya), and PRY135 (brr2-
1–Pya) using the liquid nitrogen method [52] with modifications [53].
Fraction I was prepared from PRY122 and PRY123 as described [54].
Gel analysis of snRNPs
Native snRNP gel analysis without heparin was modified from [11].
Samples (5 µl) contained 40% extract, 2 mM ATP (or ATPγS), 2.5 mM
MgCl2, 3% PEG 8000, 60 mM potassium phosphate pH 7, and 1 mM
spermidine unless otherwise stated. Reactions were incubated 30 min
at 23–25oC, and loaded on a pre-run, 4% polyacrylamide (80:1) gel
(15 × 15 × 0.15 cm) made up in TGM buffer (50 mM Tris base, 50 mM
glycine, 2 mM MgCl2). Electrophoresis was for 6–7 h at 160 V in TGM
buffer at 4°C, and the gel was electroblotted onto Hybond-N mem-
brane at 25–30 V for 12–16 h in 0.1 M sodium phosphate, pH 6.5. The
blot was sequentially probed with kinased oligos complementary to the
snRNAs [55].
Immunoprecipitations
Protein G–Sepharose beads were coupled to anti-polyoma antibodies
as described [33] and washed with NET50 buffer (50 mM Tris pH 7.4,
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Table 1
Yeast strains used in this study.
Strain BRR2 genotype Plasmid
PRY122 BRR2 pPR130
PRY123 brr2-1 pPR133
PRY132 BRR2–Pya pPR150
PRY135 brr2-1–Pya pPR151
0.05% Nonidet-P40, 50 mM NaCl). For co-immunoprecipitations of
snRNPs, 20 µl whole-cell extract, 200 µl NET with the indicated NaCl
concentration, and 10 µl settled beads were mixed on a rocking plat-
form for 1 h at 4°C. Some samples contained 1 mM competitor peptide
encoding the polyoma epitope (EYMPME) to demonstrate specificity.
The beads were washed three times with 500 µl NET50, and the asso-
ciated RNAs were isolated by phenol–chloroform extraction at 4°C fol-
lowed by ethanol precipitation. RNA samples were separated on 6%
polyacrylamide 7 M urea denaturing gels and subjected to northern
analysis as described [55]. RNA levels from northern blots of denatur-
ing gels were quantitated with a phosphorimager (Molecular Dynamics).
Assay for snRNP release
The snRNPs were immunoprecipitated with Brr2–Pya or Brr2-1–Pya as
described above. The beads were washed three times with 500µl
NET50, and then incubated with 30 µl splicing buffer ± ATP (2 mM ATP,
2.5 mM MgCl2, 3% PEG, 60 mM potassium phosphate pH 7.2, 40%
buffer D [56]) for 5 min at 23–25°C. After centrifugation, the super-
natants were carefully collected and the beads were washed once
in 500 µl NET50. RNAs were extracted and split into three portions. To
determine snRNA content, one-half of each sample was electrophoresed
on a denaturing gel and subjected to northern analysis [55]. To deter-
mine base-pairing status of U4 and U6 snRNAs, one-quarter of each
sample was hybridized in solution to an oligo probe for either U4 or U6
snRNAs, and electrophoresed on a non-denaturing gel [36].
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